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(Received 10 July 1989) 

A coordinated study on electrochemical, magnetic, optical, and transport properties of poly(l,4-

dimethoxy phenylene vinylene) (PDMPV) using in situ electrochemical doping techniques is 

presented. Properties are correlated through a common axis of applied voltage. Electrochemical 

doping shows ::::: 100% Coulombic efficiency up to an applied potential of 3.8 V versus lithium in 

propylene carbonate electrolyte. Conductivity increases in a reversible manner to a maximum of 

250 n - 1 em - 1 and an applied potential of 3.9 V. Potentials in excess of 3.9 V cause an irreversible 

decrease in conductivity. Spin and charge show a 1:1 relation only to very low doping levels. Two 

paramagnetic species are produced on doping. A maximum spin concentration is observed at :::::3.7 

V. The ultraviolet-visible-near-infrared spectra of doped PDMPV show at least five absorption 

bands, at 4.8, 3.7, 2.5, 1.7, and 0.6 eV. The first three bands decrease with doping and the latter two 

increase. When analyzed by the polaron or bipolaron model, the optical data imply significant sym

metry breaking. Contributions to the optical activity from polarons and bipolarons are determined 

from the EPR results and are found to be different for both peaks, implying greater symmetry

breaking effects for polarons. An electrochemical analysis of EPR results suggests that polaron in

teraction energies are ::::: 0.45 e V greater than those for bipolarons. 

I. INTRODUCTION 

Numerous organic polymers containing an extensively 

7T-conjugated backbone have been synthesized and doped, 

by partial oxidation or reduction, to yield materials with 

high electrical conductivity .1•2 The nature of the electri

cal charge carriers that result from doping has been stud

ied by magnetic3•4 and optical5•6 spectroscopy and by 

measurements on conductivity as a function of tempera

ture 7 and doping level. 8 The resulting wealth of informa

tion on these conducting polymers allows the following 
qualitative conclusions to be drawn: (i) Doping dramati

cally increases conductivity (up to a point), (ii) conduc

tivity decreases with decreasing temperature (the depen

dence is often seen to be a function of t 114, indicative of 
variable-range hopping), and (iii) chromophores due to 

electronic transitions are generated upon doping which 
have absorbance energies lower than the absorption usu

ally associated with the interband transition. Doping 

often produces paramagnetism, typically studied with 
EPR to observe unpaired spins, though the overall pic

ture is less clear. Conducting polymers show either a 

constant concentration of spins with dopiJJg, 3• 9 a decrease 

of spin concentration, 8· 10 an increase, 11 a maximum, 12 or 

two maxima. 13 That strongly contrasting behavior has 

been obtained from the same polymer14· 15 is symptomatic 
of a general inconsistency in EPR results. However, the 

observation of doping-induced spin susceptibility at some 

point in the doping seems to be general. Both spin popu
lations and dynamics, and electrical conductivity are sen

sitive functions of impurities and defects introduced dur
ing synthesis and sample handling. Exposure to oxygen, 

for example, has marked effects on both of these parame
ters.16 Optical spectroscopy, on the other hand, appears 

to be more robust with respect to small concentrations of 

40 

impurities and there is general consensus on optical be
havior for a particular polymer. 

Interpretation of the properties of conducting poly

mers with nondegenerate ground states is popularly done 

with the polaron and bipolaron model. 17• 18 Both are lo

calized states which have two levels positioned symmetri

cally about midgap between conduction and valence 

band. Distinction between these two types of defect by 

optical-absorption spectroscopy is often rendered incon

clusive by the breadth of the absorption bands and possi

ble interactions. Thus EPR may be used to discriminate 
between polarons and bipolarons, since the former have 

spin t and the latter have spin 0. If the number of spins 

produced as a result of electrochemical doping is less 
than the number of charges injected then a distribution 

between polaron and bipolaron states is said to exist. 12 

Although one of the prime motivations for studying 

the properties of conducting polymers is to determine the 

mechanism of their electrical conductivity, little work 

has been done on actually determining the conductivity 

as a function of doping level for electrochemically doped 

polymers. 3• 19 Species detected by spectroscopic means 

are often referred to as "charge carriers," implying that 
all spectroscopically active species contribute to electrical 

conductivity. Thus the main focus of the present work is 

in correlating changes in conductivity to regions of dop
ing (i.e., electrochemical activity) and to regions of spec

troscopic activity. For this work we sought to identity a 

well-characterized polymer for a series of coordinated ex
periments on the dependence on doping of optical, mag

netic, electrochemical, and electrical transport proper

ties. The phenylene vinylene class of conducting poly
mers represents a particularly versatile selection of ma
terials for this purpose.20 - 22 These polymers are syn

thesized from processible, water-soluble precursor 
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polyelectrolytes. They have several advantages over the 
electrochemically prepared polymers, such as polypyr
role, 23 , polythiophene, 24 and polyaniline,25 that are usual
ly employed for in situ optical and magnetic studies. Po
lyphenylene vinylenes are partially crystalline and may be 
stretch oriented to increase order. 26 Structural parame
ters can be determined27 which are valuable for theoreti
cal calculations requiring bond angles and lengths28 (elec
tropolymerized conducting polymers are, in contrast, 
amorphous). Furthermore, phenylene vinylene polymers 

are prepared with high molecular weight (Mn > 100000) 

which minimizes effects due to chain ends. These poly

mers can also be purified, blended,29 and copolymer
ized.30 For the present work we chose poly(1,4-dimethoxy 

phenylene vinylene) (PDMPV), structure I, 31 over the 
parent poly(p-phenylene vinylene) (PPV), structure II, be
cause the former possesses additional advantages with re
gard to electrochemical properties:32 a lower oxidation 
potential than that of PPV (Ref. 33) allows the polymer 
to be cycled with high Coulombic efficiency, and 

PDMPV exhibits superior ionic conductivity, allowing 

films several micrometers thick to be charged or 
discharged. 

MaO 

H H 

I - I 

c-.1-t; ＭｯＭＭｾＭｴ［＠
H H 
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Electrochemical doping, as opposed to chemical dop
ing, has become the preferred technique for the doping of 
conducting polymers34·35 since it can be reversible, con

trolled, homogeneous, precise, and reproducible.3·36·37 

Further, electrochemical doping may be performed in 
situ in combination with other techniques, avoiding prob
lems due to sample handling and transfer, and improving 
precision. With this judicious choice of material and dop
ing technique we provide a coherent set of data on some 
of the most widely-studied physical properties of conduc
tive polymers. We then analyze the observed experimen
tal results using a small sampling of some of the extensive 
theoretical work on the novel solid-state physics of these 

low-dimensional conductors. 

II. EXPERIMENTAL TECHNIQUES 

A. Materials 

A ""'0.2 wt.% aqueous solution of the water-soluble 
tetrahydrothiophene precursor to PDMPV was syn
thesized according to previously described procedures.31 

Films of precursor, 3-4 f-Lm in thickness, for EPR and 
conductivity measurements were cast under vacuum onto 
silanized optically flat glass. For the ultraviolet
visible-near-infrared spectrophotometry films 0.1-1 f-Lm 

thick were cast under flowing argon onto 100 lines-per
inch platinum mesh. Precursor conversion to PDMPV 

was accomplished by a final thermal elimination carried 
out at 2oo•c for 4 h under a dynamic vacuum of < w-4 

Torr. Efficient conversion to structure I was indicated by 
an absence of tetrahydrothiophene, determined by ele
mental analysis for sulfur. Electrolytes were either 1M 
LiC104 (Aldrich, dried under vacuum at tso·c) or 1M 

LiAsF6 (USS Agrichemicals) in propylene carbonate 

(Burdick and Jackson). Counter and reference electrodes 
were 0.7-mm lithium ribbon (Alpha Ventron). All poten
tials are referenced to the Li/Li + (1M) couple. 

B. EPR 

PDMPV samples for in situ EPR and electrochemistry 
were sputtered on one side with 20 nm of platinum to en
sure homogeneous current distribution across the film. A 

weighed sample of approximately 50 JJ-g of polymer, ""'3 
JJ-m thick, was attached to 0.1-mm Pt wire and inserted 
into a standard quartz EPR flat cell filled with 1M 
ｌｩｃｬｏｾｰｲｯｰｹｬ･ｮ･＠ carbonate electrolyte. A small piece 

of lithium ribbon attached to 0.1-mm nickel wire was 
then inserted into the flat cell above the polymer and the 
cell was sealed off with hard wax. All cell assembly was 
performed in an argon-filled dry box. The cell was placed 
in the resonance cavity of an IBM ESR300 spectrometer 
and its position optimized with the aid of a small, 
weighed crystal of 1,1-diphenyl-picrylhydrazyl (DPPH) 
taped to the outside of the cell next to the sample. The 
DPPH also served as a standard for the determination of 
absolute spin susceptibility. Electrochemical doping was 
controlled with a Princeton Applied Research (PAR) 173 
( 179) potentiostat coulometer or a PAR 273 potentiostat. 
Simultaneous EPR and cyclic voltammetry was achieved 
by overmodulating the magnetic field (20 G modulation 
amplitude), setting the spectrometer to the peak max

imum and scanning the voltage while recording the 
current-voltage characteristics on an X-Y recorder. This 
technique gives a peak height that is proportional to the 
spin concentration regardless of small changes in peak 
shape due to intrinsic changes in line shape or broadening 
due to unresolved peaks (the linewidth is governed by the 
amplitude of the modulation). 13 Unpaired spin concen
trations were obtained by double integration of the signal 
and comparison to the DPPH standard, or by compar
ison of the intensity of the overmodulated sample to that 
of the standard. Both methods gave the same results. 

For saturation studies the in situ cell could not be used, 
owing to excessive absorption by the polar electrolyte. 

Thus, saturation studies were done on samples doped in 
the dry box, dabbed dry, inserted into 3- mm quartz tubes 
and sealed. 

C. Electrical conductivity 

A piece of PDMPV, ""'1 mm X 3 f-Lm X 8 mm, was typi
cally inserted' into a doping cell constructed from a 
t-in.-i.d. Teflon vacuum stopcock. This cell had four co

planar, parallel Pt wires, 0.1 mm in diameter, spaced 1 
mm apart, which fed through holes drilled into a t-in.

diam medium porosity glass frit. Pressure to the film was 
applied via the stopcock, ensuring good electrical con
tact. Access of electrolyte to the film was through the 
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frit. The PDMPV was doped to the desired level by 

shorting the four leads together and slowly scanning to 

the appropriate potential. After the current had dropped 

to a low value (typically ""'0.2 ｾｊａＩＬ＠ indicating an ap
proach to doping equilibrium, the PAR 173 was 

reconfigured to provide a constant potential of l-10 m V 

across the outer two leads and the potential across the 

inner leads was measured with a Keithley 617 electrome
ter. The current was obtained from the PAR 173 and 

was used to determine the four-probe conductivity. The 

importance of applying a low potential ( < 10 m V) be

tween the two outer electrodes should be noted, since a 

large voltage gradient across the film will lead to a gra

dient in doping level. 37 

D. Ultraviolet-visible-near-infrared 

An electrochemical cell was constructed in the dry box· 

using a 1-cm pathlength quartz cuvette. PDMPV on Pt 

mesh, lithium counter, and reference electrodes were po

sitioned inside the cuvette. The cell was filled with 1M 
LiAsF6/propylene carbonate and was sealed with silicone 

rubber. A Perkin Elmer Lambda 9 spectrophotometer 

was used to record absorption spectra from 185 to 2500 

nm while the polymer was electrochemically doped using 

the PAR 273. The potential was either stepped to a 

specific value and the entire spectrum recorded or the 

monochromator was set to a peak maximum and the 
voltage scanned. 

E. Fourier transform infrared spectroscopy (FIIR) 

A Mattson Cygnus 100 FTIR was used to recored ir 

spectra with 2 em -I resolution. Samples were either 

pristine or were subjected to doping or undoping cycles 

in the dry box using a doping cell similar to that used for 

conductivity measurements, which allowed pressed con
tact of platinum foil to polymer. 3 

III. RESULTS 

A. Electrochemical behavior 

PDMPV may be cycled with > 98% Coulombic 

efficiency between 2.5 and 3.8 V versus LilLi+ in the 

electrolytes studied. This high efficiency permits accu

rate calculation of the doping level from the amount of 

charge passed. Other conducting polymers with higher 

oxidation potentials, such as PPV (Ref. 38) and polyace

tylene, 34 suffer from parasitic side reactions during charg

ing, such as the oxidation of propylene carbonate, 39 espe

cially at the higher doping levels. Two oxidation reac

tions and two reductions are seen when cycling to 3.8 V 
(Fig. 1). Oxidation is chemically reversible up to a poten

tial of about 3.9 V -the polymer is stable to repeated cy

cling up to this potential. Voltammograms using the 

LiC104 and LiAsF6 electrolytes were identical. Figure 2 

shows the dependence of doping level on potential for 

charging and discharging. Although the doping current 
continues to rise past 3.8 V, efficiency starts to decrease 

and the doping level becomes less precisely known. At 
potentials higher than ""'3. 9 V irreversible oxidation 
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FIG. 1. Cyclic voltammogram of PDMPV in propylene 

carbonate/1M LiC104• Scan rate, 0.2 mVsec- 1• Peak assign

ments are described in text. 

occurs and voltammograms become irreproducible. Such 

regimes of initial reversibility followed by irreversibility 

at higher potentials is behavior generally observed in con

ducting polymers (for example in polyacetylene,40 po
lyaniline,41 and polypyrrole42 ). 

B. Electrical conductivity 

The in situ conductivity is shown as a function of po

tential in Figs. 3 and 4. Two consecutive cycles to 3.8 V 

are given in Fig. 3, which indicate the reversibility of 

conductivity behavior to this limit of applied potential. 

The conductivity samples were cycled over the same time 

scale (""'4 h) as the cyclic voltammetry or EPR samples 
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FIG. 2. Doping level of PDMPV as a function of applied po

tential for charging and discharging. The dashed line represents 

continued charging past 3.8 V. 
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FIG. 3. Reversible in situ conductivity for ＳＭｾｴｭＭｴｨｩ｣ｫ＠

PDMPV vs V. Two consecutive cycles are shown (circles and 
triangles). 

to allow correlation between data. The maximum con
ductivity reached was 260 0 -I em -I and the minimum 

measured conductivity, limited by the ionic conductivity 
of the electrolyte, was ::::: 2 0- 1 em- 1• A similar in situ 

four-probe arrangement, on a much smaller scale, was 
employed by Wrighton37 to demonstrate an electrochemi
cal "transistor" based .on polypyrrole. Exposure of 
PDMPV to greater than 3.9 V led to an irreversible de

crease in conductivity, as shown in Fig. 4. This is also a 
general feature in conducting polymers (for example, 
polyacetylene,43 polyaniline,44 and polypyrrole37). 
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FIG. 4. Irreversible conductivity change as a function of ap
plied potential for charging (circles) followed by discharging 
(triangles) at ""'0. 2 m V ｳ･｣ｾ＠ 1• 

C. EPR 

Nascent PDMPV was completely devoid of paramag
netic susceptibility within the detection limit of the tech
nique used (1 spin per 104 monomer repeat units, or I · 
spin per 105 carbons). The spin concentration showed 
complex behavior with applied potential, which depended 

on the voltage limit of the doping cycle. Films doped to 
an upper limit of 3.7 V could be undoped back to a zero
spin-concentration state. Figure 5 shows consecutive 
scans, taken at 0.2 and 0.05 m V sec -I. A steady increase 

in spin density with potential is seen followed by a return 
to baseline on sweep reversal. Decreasing the scan rate 
by a factor of 4 is seen to decrease the small hysteresis be
tween doping and undoping. This hysteresis is due to 
positive or negative overpotential required to drive the 
sluggish interfacial charge transfer to the polymer. It is 
not a result of slow diffusion of counter ions (perchlorate) 
during the doping, since the two scan rates lead to nearly 
identical spin concentration versus potential profiles. It 

is important to note that the number of spins introduced 
was usually less than the charge injected. This is clearly 
demonstrated in Fig. 6, where the spin concentration as a 
result of constant-current doping is shown. The sample 
in Fig. 6 was doped at a constant current of 0.016 
mAmg- 1 to a final potential of 3.60 V and a doping level 

of 2.8%, i.e., [C10H 100 2(Cl04)0.028 ]n. The response for a 

theoretical 1:1 spin to charge ratio is shown as the dashed 
line in Fig. 6. Only at the very beginning of the cycle, up 

to an applied potential of 3.45 V, and a doping level of 
< 0. 5%, does the spin density equal the charge density. 
A similar result was seen for the electrochemical p-type 
doping of polypyrrole. 12 

For potentials of up to 3.7 V a single, narrow 

(!::J.HPP -0. 5 G, T 2 - 130 ns) line is seen, g value 2.0030. 

This signal can be homogeneously saturated as shown in 
Fig. 7; T 1 is 8.3J-Lsec from this plot. If the potential is in

creased to higher than 3.7 V, the dependence of spin con-
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FIG. 5. Spin concentration vs applied potential for scanning 
at 0.2 ｭｖｳ･｣ｾ Ｑ Ｌ＠ a; and 0.05 mVsec-•, b. 
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FIG. 7. EPR saturation plot of PDMPV doped to y=0.02 

and 0.14. 

2" 
c: 
::J 

1ii 
[ 

&. 
c: 
·a 
rJ) 

V vs Li (volts) 

FIG. 8. Response of spin concentration upon scanning ap

plied potential at 0.2 m V sec - 1• 
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FIG. 9. Peak-to-peak linewidth vs potential of EPR signal 

for in situ doping (circles) and undoping (triangles) ofPDMPV. 

centration on voltage changes. A peak in the cyclic vol
tammetry is developed at about 3.4 V and a shoulder ap
pears in the spin concentration versus V at the same po
tential (Fig. 8). The spin concentration can be decreased 
with undoping but does not return to zero. Two com
ponents are now seen between 3.2 and 3.7 V, as suggested 
by the plot of linewidth versus potential in Fig. 9; the 
linewidth decreases with doping up to a potential of 3.45 

V, consistent with a narrowing mechanism due to spin ex
change.O The line then rapidly broadens as another 
component with almost the same g value is introduced. 
For the in situ samples the slight difference in g values 
causes the line to be asymmetric, though the components 
are unresolved. If the sample is then removed and 
pumped dry the narrow component becomes still sharper 
and the two components can be seen (Fig. 10). The 
presumption was that if narrowing were due to spin ex-
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FIG. 10. EPR signal at PDMPV doped to y=O.l2. The sam

ple has been removed from solvent and pumped dry to show 

two components. 
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FIG. 11. Electron absorption of PDMPV from 0.4 to 5.7 eV 

recorded in situ on doping to 2.6, a; 3.4; b; 3.45, c; 3.55, d; ＳＮＶｾＬ＠

e; and 3.8 V, f. 

change the removal of swelling solvent45 would increase 
the spin density and the line would becom(! further nar
rowed. The broad component could not be saturated. 
The spin concentration shows a maximum at -3. 8 V 
when scanning to 4.0 V, as seen in Fig. 8. Scanning to 4.3 
V reveals another maximum, although the repeatability 
of cycles at these higher potentials is poor. 

D. Electronic spectra 

The electronic absorption spectrum of undoped 
PDMPV recorded from 0.4 to 5.7 eV is shown in Fig. 11. 
Spectra taken after stepping to increasing doping poten
tials are also shown. The large band at 2.5 eV and small-
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FIG. 12. Absorbance and derivative of absorbance of peak at 
2.51 eV as a function of applied potential, for PDMPV, 160 mm 
thick, cycled at 5 m V sec- 1• 
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FIG. 13. Absorbance and derivative of absorbance of peak at 

1.68 e V as a function of applied potential, for PDMPV, 160 mm 

thick, cycled at 5 mVsec- 1 • .A., calculated fit using data from 

Fig. 16 and Epoi=4.6X 105, Ebipoi=O. 

2.9 3:1 

A 

A 

• • 

33 35 3.7 3.9 

V vs Li (volts) 

FIG. 14. Absorbance and derivative of absorbance of peak at 

0.64 eV vs potential for PDMPV, 160 mrn thick, cycled at 5 
m V sec -I. The peak assignments are described in text. e, cal

culated fit using data from Fig. 16 and Epo1=0, Ebipol= 1.4X lOs; 

., Epoi=2.6X lOs, Ebipoi=6.4X 104• 
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er ones at 3.7 and 4.8 eV decrease on doping and two 

peaks at 1.7 and 0.6 eV evolve. Figures 12-14 show the 

absorption, at fixed wavelength corresponding to the 

peak maxima at 2.51, 1.68, and 0.64 eV, plotted against 
voltage for a scan rate of 5 mVsec- 1. Figures 12 and 14 

show the expected decrease and increase, respectively, of 

oscillator strength upon doping. The band at 1.68 eV, 

however, shows unexpected behavior, in that there is a 

maximum at about 3.8 V before the scan direction is 

switched. When compared to the cyclic voltammogram 

recorded simultaneously it is clear that optical density ac

tually decreases from 3.6 to 3.9 V while the polymer is 

still acquiring charge over the same range. 

IV. DISCUSSION OF RESULTS 

A. Reversible and irreversible electrochemical doping: 

generation of charge carriers 

The partial oxidation of PDMPV occurs in many steps, 

since a peak or shoulder in the cyclic voltammetry 

represents the transfer of one or more electrons. Over 

the range of potential studied the electronic conductivity 

only increases up to a potential of 3.9 V and a doping lev

el of 32%. This range encompasses two pairs of oxida

tion reductions in the cyclic voltammetry, suggesting that 

at least two species exist over the range where the con

ductivity is reversibly controlled by doping The cyclic 

voltammetry of most conductive polymers shows at least 

two reversible peaks or shoulders. 1 At higher applied po

tentials a significant, irreversible decrease in conductivity 
is observed (Fig. 4). It should be noted that a wide range 
of conductivity (-10- 12-1 n-1cm- 1), is not accessible 

using the in situ technique here because of the limitation 

imposed by the parallel conductivity of the electrolyte. 

Thus the measured conductivity starts to increase at 

higher potentials. 

In a recent study on the x-ray photoelectron spectra of 

neutral and doped PPV it was noted that a high-binding

energy component of the C (ls) peak appeared on doping, 

which was attributed to a local nonequivalence of elec
tron densities on the carbon atoms. 46 Our premise is that 

doping produces localized, charged states which serve as 

centers to which electronic charges can hop to and from. 

In the Mott formalism, conductivity is due to hopping in 

a manifold of states at the Fermi level,47·48 in this case 

hole states. These states are, chemically speaking, carbo

cations delocalized over about three monomer repeat 

units. When an electron hops to a hole the charge will be 

neutralized. There will thus be a steady-state population 
of both holes and neutral sites on the polymer. back
bone.49 This requirement for a mi)Cture of neutral and 

positive sites is met over most of the doping range. If an 

excess of positive charges is introduced-if the polymer 

is "overdoped"-the conductivity will decrease, since the 
requirement for a mixture of states is not met. Thus, 

there is a "window" of high conductivity, as is also seen 
for polyaniline (P An).44 In contrast to PAn, the PDMPV 

doping at higher potentials appears to be chemically ir
reversible (Fig. 4). The hopping frequency and thus the 

electrical conductivity depend on the energy barrier for 

charge transfer between sites. Studies on the temperature 

dependence of the conductivity of PPV, performed over 

the range 4-300 K suggest that hopping occurs in three 

dimensions. 50 The hopping probability for three

dimensional variable-range hopping will increase as the 

charge density increases (within the requirements for a 

mixture of sites), and may also be enhanced by screening 
of charges by dopant ions (counter ions). 

The FTIR spectra for doped and undoped PDMPV, 
shown in Figure 15, and nascent PDMPV (not shown) are 

identical except for. an additional small peak at 1800 
em -I (due to ｾ｡Ｎ＠ 5 wt. % of residual propylene car

bonate) in the cycled PDMPV. An important conclusion 

is that PDMPV retains its chemical integrity even on cy

cling to potentials above 3.8 V. Of particular noteworthi

ness is the absence of degradation in the 1200-1300 
em -I range, which encompasses the vibrational bands 

due to -O-CH3• These aromatic methoxy groups thus 

appear to be more oxidatively stable than aliphatic eth

ers, which tend to oxidize above 3.5 V. Also evident in 

Fig. 15 is a lack of activity at 580 em -I due to Cl04 ion 

(a band which is clearly evident in slightly doped sam

ples). The polymer can thus be completely undoped. Al

though no evidence of structural degradation is seen from 

the Fourier-transform infrared (FTIR) spectra, films cy

cled to potentials > 3. 9 V were considerably more fragile 

and brittle than those kept below this limit. It is quite 

possible that doping at high potentials causes chain scis

sion, introducing a few percent of saturated (sp 3) carbons 

which are not discernible by FTIR but which 

significantly reduce conductivity. The very strong effect 

that defects of this type have on conductivity has been 

noted for polyacetylene and polyparaphenylene. 51·52 Al

though early experiments on PPV in a powder morpholo
gy53 seemed to confirm theoretical arguments that a 

copolymer should have a lower conductivity than a 

homopolymer54-PPV can be thought of as an alternat

ing copolymer of polyacetylene and polyphenylene

PPV films prepared from the precursor method can be 

doped to conductivities three orders of magnitude higher 

than powder samples.32 

B. Electronic excitations. polaron-bipolaron model 

In situ optoelectrochemistry of conducting polymers 

- with nondegenerate ground states is usually interpreted 

in terms of the polaron-bipolaron model as introduced by 
Brazovskii and Kirova (BK),54 who extended the continu

um limit55 of the degenerate ground-state model of Su, 

Schrieffer, and Heeger (SSH),S6 to nondegenerate poly

mers. As a result of electron-phonon coupling and lattice 
distortion two localized electronic states appear in the 

gap between conduction and valence bands positioned 
symmetrically about midgap. -CB 

VB 
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FIG. 15. FTIR spectrum, from 400 to 4000 cm- 1, of PDMPV, 3 p.m thick, doped to 4.1 V and undoped to 2.6 V in 1M 

LiClO,Vpropylene carbonate. 

For hole polarons, the lower level, 2, is singly occupied, 
and for hole bipolarons both subgap levels are empty, and 
the defect is doubly charged and spinless. These polarons 
and bipolarons are thus radical cations and spinless cat
ions within the boundaries of the electron-phonon lattice 

distortion band model. Electronic transitions are possible 
from the valence band (VB) to both levels for bipolarons 

(j 1 and f 3) and there is an additional transition between 

the localized states for a polaron (/ 2 ) since the lower state 

is occupied. 
Although doping past 3.9 V produces additional opti

cal density this absorption is irreversible and is associated 
with species that do not give rise to conductivity. Thus 
only the region between 3.0 and 3.8 V will be considered 

in detail. 
The general features of the optical spectroscopy in Fig. 

ll are readily interpreted by the polaron-bipolaron 
theory. The undoped polymer shows an absorption edge 
at 611 nm (the band gap is thus 2.03 eV) with no absorp

tion in regions of higher wavelength. The peak at 2.5 eV 
represents excitation from valence to conduction bands. 
As the polymer is doped, oscillator strength is removed 
from the interband absorption peak and two absorptions 
appear in the subgap region at 1.68 and 0.64 eV (738 and 
1926 nm). Thus, with only two peaks apparent, at first it 
would seem that bipolarons are the species which result 
from doping. Indeed, the relationship 

(l) 

where 2l'J.0 =Eg, the band gap, holds well in this case, 

demonstrating the electron-hole symmetry that is expect
ed for bipolarons. 18 Although the optical spectroscopy 
appears to follow the prescribed behavior for bipolarons, 
including two peaks that adhere to electron-hole symme
try and a clear isosbestic point at about 2.1 eV, some 
aberrant behavior is seen when the amplitudes of the 
peak maxima at 2.51, 1.68, and 0.64 eV are followed as a 
function of applied potential, as in Figs. 12-14. Al
though the interband absorption shows the expected de
crease with doping (Fig. 12), the peak at 1.68 eV actually 

decreases in intensity past 3.7 V in a region where both 
conductivity (Fig. 3) and doping level (Fig. 2) are still in
creasing. The first derivative of the absorption is nearly 
zero at the same point that a peak (at 3.6 V) occurs in the 
cyclic voltammetry. In addition, the maxima of the 
derivative of the absorption at 0.64 eV (Fig. 14) are oppo
site in relative magnitude to those for the cyclic 
voltammetry-the anodic peak at 3.3 Vis larger than the 
peak at 3.6 V for the derivative of the absorption, 
whereas the situation is reversed for the voltammetry. 
Further evidence of the more complicated nature of the 
number and kind of defects involved in the doping of 
PDMPV is provided by the results of Sec. IV C on EPR, 
which demonstrate a coexistence of polarons and bipola
rons over the potential range studied. 

The shortcomings of a straightforward application of 
the bipolaron model to these data is further demonstrated 
by estimating the peak positions from the bandwidth. 
The interband absorption peak at 2.5 eV is much nar
rower than predicted by the bipolaron theory. To illus
trate this, the model of Fesser et a/.57 is used to estimate 
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the confinement parameter fJ using the observed band
width W of 1.5 eV. fJ is given by {J=Il.IB(Il0 +1l.), 

where a. is related to u bonding and is estimated to be 1 

eV and B is calculated from tl0 = Wexp( -1/B). A value 

for fJ of 0.15 is obtained which gives a ratio f 0 I tl0 of 0.1 

using Fig. 4 of Ref. 57. From this, two bipolaron levels 
il0 +/0 =1.1 eV and tl0-j0 =0.9 eV, are predicted, 
which are in disagreement with the experimental results. 
If the peak at 2.5 eV were broader the calculated bipola
ron values would be closer to those observed. 

The relative heights of the peaks are also inconsistent 
with the theory. In the treatment for a bipolaron the 
higher-energy subgap peak (HEP) at 1.68 eV should be 
considerably smaller than the lower-energy peak (LEP) at 
0.64 eV, whereas they are actually almost identical in 
height (in the one-electron Hiickel model the f 1 transi

tion is symmetry forbidden58). This discrepancy has been 
recognized and attributed to the particularly high sym
metry of the BK-SSH model.59 Numerous approaches 
have thus been made to introduce symmetry-breaking pa
rameters into the original SSH model. Couloumb in
teractions have been invoked60•61 as have diatomic 
A = B- type polymers. 62 Sum et a/. 59 introduced an 
electron-lattice coupling parameter, which is single
particle, short-range charge conjugation and 
"supersymmetry" -breaking contribution. The predicted 
results are a significant transfer of energy from the LEP 
to the HEP, asymmetry of peaks around the gap center, 
and a finite width for the bipolaron, as opposed to infinite 
in the Takayama-Lin-Lin-Maki (TLM) continuum 
model. Although the presence of asymmetry is not dear 
it is apparent that the bipolaron-polaron peaks are almost 
equal in height. Extensive breaking of symmetry can 
thus be inferred. Another effect of electron-lattice sym

metry breaking is to cause the f 3 and f 2 polaron peaks to 

move together and coalesce. It thus becomes impossible 
to discern the existence of polarons and bipolarons sim
ply on the basis of the number of observed electronic ab
sorptions. 

C. Discrimination between polarons and bipolarons: 

thermodynamics of charge carriers 

Although the observed electronic absorption of 
PDMPV can be rationalized in terms of the TLM formal
ism, modified by electron-lattice or other symmetry
breaking coupling, the issue of whether the species 
present are polarons or bipolarons remains. Further, 
there is the question as to the source of the unusual be
havior of the peak at 1.68 eV compared to the one at 0.64 

eV. For the thermodynamic treatment that follows at 
least two assumptions are made: the two types of 
paramagnetic species are treated as one and the parame
ters recorded during charging may be correlated with the 
equilibrium values. The first assumption is necessary be
cause there is no theory available to deal with two pola
rons simultaneously. The latter is justified since the hys
teresis observed is due to charge transfer resistance at the 
polymer-solution interface and does not reflect a bulk 
concentration gradient (e.g., see Fig. 5). Effectively, a 
similar displacement (of 50-100 m V) of the recorded 

value from the zero-current value is seen for the y versus 
V data, and for the other parameters recorded as a func
tion of V. Thus it is possible to correlate data recorded 
on charging or discharging cycles. 

EPR provides a straightforward means of discriminat
ing between polarons and bipolarons. With a knowledge 
of the number of polarons n poi and the charge consumed 

in the reaction (doping level), Q, the bipolaron concentra

tion nbipol may be obtained, 

Q =2nbipol +npol • (2) 

This charge balance equation is only accurate if the 
charging is 100% efficient, which, for the present system, 
is a good assumption over the range to 3.8 V and less so 
up to 4.0 V (charging to 4.0 V is :::::83% efficient). The 
polaron and bipolaron populations, as a function of po
tential, are shown in Fig. 16 for a charging cycle. It is 
apparent that bipolarons rapidly become the dominant 
species as doping proceeds. It is also clear that the bipo
laron concentration continues to increase after 3.7 V 
while the number of polarons decreases over the same 
range. By comparison with Fig. 3 it may be deduced that 
bipolarons definitely contribute to electrical conductivity 
and polarons probably contribute. 

Since it is unlikely that two electrons will be removed 
simultaneously from a neutral site, two mechanisms can 
be given that produce bipolarons via polarons. The first 
possibility is electrochemical generation of two polarons, 
followed by chemical combination as follows: 

x =p+·+e-, 

2p+·=(bp)2+. 

(3) 

(4) 

The distribution of p and bp might be expected to show a 
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FIG. 16. Polaron, .... and bipolaron, +. populations, deter

mined from coulometry and EPR, as a function of potential, e. 
Difference between polaron and bipolaron standard formation 

potentials, E 0 , plus difference in interaction potentials, as a 

function of VappHed for charging at 0.2 m V sec -I. 
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second-order dependence on the concentration of pola
rons, e.g., 

_J.ef_ 
K- [bp] . (5) 

No satisfactory fit to this kind of behavior could be made 
with any value of K. 

The second mechanism involves removal of two elec
trons sequentially in two electrochemical steps, as out
lined by Nechstein et al. for polypyrrole, 12 

-e -e 

ｘｾ＠ p+ ｾ＠ (bp]2+, 

EP Ebp 

(6) 

where ｅｾ＠ and EgP represent standard potentials for pola

ron and bipolaron formation, respectively, from a neutral 
site x. It is then assumed that the equilibrium concentra
tions are governed by the Nerst equation. Thus 

E=E0 + RT In [l£1] ＫｉＧｾ＠
p F X F 

=Eo + RT I [1!?£1] + ｬＧｾｰ＠ (7) 
bp F n (p] F , 

where x is the number of neutral sites. In this case the 
total number of sites is taken to be y=0.32, since this is 

the maximum doping level achieved before the doping be
comes irreversible and the conductivity starts to degrade. 
There is some uncertainty in the exact value of this max
imum doping level since the reversal in conductivity (Fig. 

4) is not sharp. ｉＧｾ＠ ＨｦｴｾｰＩ＠ is the chemical potential for in

teraction between polarons (bipolarons). Using the fol
lowing charge balance condition 

X =0.32-2(bp]-(p] , (8) 

and combining with Eq. (7), an expression for !J.E0 , the 
difference in formation potentials, EgP - ｅｾＬ＠ is obtained, 

ｕ］ｒｔｾ＠ ｾ｝＠ Ｍｾ＠[ 
2 l . 

F 0. 32[bp]-2(bp]2 -[p][bp] F . 

(9) 

The difference in potential, plus any interaction poten
tials, is also plotted in Fig. 16. Thus, there is a difference 
of ,.,0.1 V in the standard potentials, or a difference of 
,.,0.1 eV energy between polaron and a bipolaron, assum

ing the interaction potentials for both species are the 
same (ll.Jl-;=0). However, as will be shown below, ll.Jl-; is 
not negligible. 

The data in Fig. 16 can also be used to rationalize the 
behavior of the optical spectroscopy. From the EPR 
data it is clear that polarons and bipolarons coexist at 
most applied potentials. These data can be used to deter
mine the relative contributions of the two species to the 
subgap peaks at 1.68 and 0.64 eV. First, the absorbance 
of the interband peak was measured on a sample of uni
form, known thickness deposited on quartz. This value 
was then used to calibrate the absorbances and thickness 
of the platinum-mesh supported ultraviolet-visible sam-

pies. The molar absorptivity Emax,i of the interband tran

sition was found t,o be 2. 9 X 104• Through comparison of 
the polaron versus V profile in Fig. 16 with the behavior 
of Fig. 13, it was inferred that polarons were mainly re
sponsible for the band at 1.68 eV. The absorbance values 
were obtained froni a summation of polaron and bipola
ron contributions, 

(10) 

where £ 1.68 are the molar absorptivities at 1.68 eV, Cis 

the molar concentration, and L is the thickness of the 
film. The concentration is given by C = 7y, where y is the 
number of polarons (bipolarons) per repeat unit, and the 
value of 7 is obtained from the density of PDMPV (1120 
gl- 1) and the molecular weight of a repeat unit (162 
gmol- 1). Values of ﾣｾＬ ＶＸ＠ were chosen to fit the optical 

data. Figure 13 shows a fit with Et. 6s,pot=4.6X 105 and 

Et. 6s,bipot =0 for charging. Thus it appears that there is 

very little contribution to the 1.68-eV band from bipola
rons. 

Since the band at 0.64 eV continues to rise after 

3.7Vapptied> it must contain some contribution from bipo
larons. Figure 14 shows a fit to Eq. (10) for 

E0.64,bipot= 1.4X 105 and E0.64,pot=O. Better agreement is 
obtained with some contribution from polarons; for in

stance E0.64,pot=2.6X 105 and E0.64,bipot=6.4X 104 (Fig. 
14). 

These results show that there is considerably less 
transfer of oscillator strength from LEP to HEP for bipo
larons than for polarons. In fact, the peak at 1.68 eV 
seems to be derived entirely from polarons. The con
clusion is that symmetry breaking by electron-lattice, or 
other interactions, has more effect on polarons than on bi
polarons. This result is counterintuitive, since one would 

expect electron-lattice coupling, or Coulomb correlations, 
to be more significant for the doubly charged bipolaron. 
At present we have no explanation for this dilemma. 

D. Differences in symmetry breaking 

Peak A in Fig. 14 can be associated with polarons and 
peak B with bipolarons. A similar assignment can be 
made for peaks A and B in Fig. 1. The reversed relative 
magnitude of the peaks in the derivative absorption, com
pared with the peaks in the cyclic voltammogram, can be 
explained by the fact that polarons have higher molar ab
sorptivity here than biplarons. A straightforward esti

mate of !J.E0 can be made by comparing the separation of 
the peaks in both sets of data (Figs. 1 and 14). The value 

of !J.E0 is thus about 0.35 V, or 0.35 eV per defect. 
Theoretical treatments based on Hiickel theory with u

bond compressibility indicate that the bipolaron binding 
ener!y is larger than two polarons by 0.45 eV in polypyr
role and 0.34 eV in polyparaphenylene, 64 which are also 
examples of polymers with nondegenerate ground states. 
Calculated differences for PDMPV are expected to be 
similar. The value of !J.E0 obtained here can be com
pared with Eq. (9): !J.E0 = ＭＰＮＱＭＨｊｬＭｾｰ＠ ＭｉＧｾ＠ )=0. 35 V. 

Thus the difference in interaction potentials is 0.45 V. In 
other words the interaction energy of a polaron is 0.45 eV 
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greater than a bipolaron, in accordance with the above 
findings that there is greater symmetry breaking for pola

rons. The nature of the interaction, be it electron-lattice 

coupling or Coulombic effects, remains unclear. 

E. Excitons and absorptions at higher energies 

Referring to Fig. 11, peaks at 3.7 and 4.8 eV decrease 

with doping. This phenomenon is not explained by the 

polaron-bipolaron theory or any extension thereof, since 

the energies involved are much greater than the band 
gap. Recently, we have successfully applied a combina

tion of molecular-orbital and electron-exciton models to 

describe the observed electronic absorption spectra of 

nascent65 and doped38 PPV. We have found this ap

proach to be useful for determining absorption bands in 
the undoped polymer. Semiempirical molecular

orbital-(MO/INDO) calculations on neutral PPV involv

ing all1r and a electrons in four phenylene vinylene units 

allowed the accurate estimation of the energy and magni

tude of absorptions between 3.7 and 6.2 eV due to excita

tions between localized molecular states. We believe that 

the absorptions seen in PDMPV at 3.7 and 4.8 eV can 

also be treated in the same manner. The decrease in in

tensity of these bands would be due to a transition of the 

four-repeat-unit molecular state to the quinnoidal 
geometry of a dication. 38 Two absorptions seen at 0.8 

and 2.1 eV that evolve in doped PPV were also accounted 
for, though with less accuracy. The width and location 

of the lowest energy absorption at 3.1 eV in neutral PPV, 

attributed to interband transitions in the polaron

bipolaron model, is also predicted by our vibrationally 

coupled exciton model. Fine structure seen in this peak 

at low temperature, due to the vibrational progression 
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